Normal human cells undergo a limited number of cell divisions when cultured in vitro before entering a state of permanent growth arrest, known as senescence (Hayflick and Moorhead, 1961) or M1 . Throughout the life span of normal somatic cells their telomeres shorten by approximately 50-200 base pairs (bp) per cell division (Harley, 1991) . It has been proposed that senescence is triggered when telomeres become sufficiently short (Olovnikov, 1973; Harley, 1991) . The limited proliferative capacity of normal cells is thought to act as a barrier to malignant transformation and, conversely, acquiring the ability to proliferate an unlimited number of times (immortalization) may be critically important for carcinogenesis (Reddel, 2000; Campisi, 2001) .
During the process of lifespan extension and immortalization, whether by in vitro transformation with the oncogenes of DNA tumor viruses (reviewed in Bryan and Reddel, 1994) or by disruption of the p53 and/or pRb tumor suppressor gene pathways, telomere shortening continues (Counter et al., 1992; Rogan et al., 1995) and the cells eventually enter a state referred to as crisis (Girardi et al., 1965) or M2 . Approximately 1 in 10 7 cells may spontaneously acquire a mutation that enables them to escape crisis and become immortalized (Huschtscha and Holliday, 1983; Shay and Wright, 1989) . All cells that escape from crisis activate a telomere maintenance mechanism (Colgin and Reddel, 1999) . The majority of immortal cells activate telomerase, a reverse transcriptase that maintains telomere ends by the addition of TTAGGG repeats, and the remainder maintain their telomeres by an alternative mechanism for lengthening telomeres (ALT).
Most normal human cells have levels of telomerase activity that are low or undetectable by standard assays, but telomerase activity can be induced by the expression of exogenous hTERT cDNA (Weinrich et al., 1997) . Exogenous expression of hTERT cDNA in otherwise normal fibroblasts and retinal pigment cells has been reported to permit senescence bypass (Bodnar et al., 1998; Vaziri and Benchimol, 1998) and immortalization (Jiang et al., 1999; Morales et al., 1999; Vaziri et al., 1999) . In contrast, hTERT expression does not affect the proliferative life span of a variety of epithelial cells grown under certain culture conditions unless the pRb/ p16
INK4a pathway is inactivated (Kiyono et al., 1998; Farwell et al., 2000; Kim et al., 2002; Toouli et al., 2002) . Likewise, for some strains of lung (MacKenzie et al., 2000; Franco et al., 2001) , mammary (O'Hare et al., 2001 ) and periodontal ligament (Tsutsui et al., 2002) fibroblasts, hTERT-transduced cells required additional mutational events including the loss of p16
INK4a expression prior to immortalization.
hTERT transfection of HFF5
In this study we investigated the ability of exogenous hTERT expression to immortalize a karyotypically normal human foreskin fibroblast (HFF5) cell strain.
HFF5 cells were transfected at PD34 with the expression plasmid, pCI-hTERT, encoding the catalytic subunit of telomerase, or pCI-Neo control plasmid. Transfected cells were selected and grown continuously in 50 mg/ml G418. Transfection of HFF5 with pCI-hTERT resulted in three independent immortal mass cultures: HFF5/ hTERT-1, -2, and -3. The growth curves of these cell lines are shown in Figure 1a . Approximately 32 PD after transfection, all three cell lines entered a period of crisis that ranged in duration from 42 days for HFF5/ hTERT-2 to 102 days for HFF5/hTERT-3, after which the cells increased their growth rate. HFF5/hTERT-3 cells had a second period of slow growth starting at approximately PD50, which lasted for 30 days, before recommencing growth at an increased rate. Exogenous expression of hTERT conferred in vitro telomerase activity on the three immortal cell lines at all time points examined ( Figure 1b ). HFF5 cells transfected with the control plasmid pCI-Neo senesced 23PD after transfection (data not shown). HFF5/hTERT-6 that expressed telomerase activity at PD21 after transfection but lost telomerase activity by PD28 (data not shown) ceased proliferation at PD29. Telomere lengths were examined by terminal restriction fragment (TRF) analysis and this revealed a distinct pattern for each culture (Figure 1c) . The mean telomere lengths of the HFF5/hTERT-1 cells were similar to those of the parental HFF5 cells at PD40, and after escape from crisis (PD57) were slightly shorter and remained so until PD144. Precrisis HFF5/hTERT-2 cells (PD32 and 35) had mean telomere lengths that were significantly greater than those of the parental cells, but the cells that escaped from crisis had markedly shorter telomeres that were stable in length from PD51 to Figure 1 Growth of HFF5 normal human fibroblasts transfected with pCI-hTERT. (a) HFF5 (PD34) cells were transfected at day 0 using FuGENE 6 transfection reagent (Roche) with the plasmids pCI-hTERT (Colgin et al., 2000) and pCI-Neo (empty vector control). Transfected cells were selected in Dulbecco's modified essential medium (DMEM Life Technologies) with 10% fetal bovine serum (Trace Biosciences) and 50 mg/ml G418 (Sigma). Three cell lines designated HFF5/hTERT-1, -2, -3 were established as mass cultures from separate transfections and cumulative PDs were calculated at each passage. The G418-resistant control clones senesced 23 PDs after transfection. (b) Telomerase activity was assayed using the Telomere Repeat Amplification Protocol (TRAP) (Kim et al., 1994 ) with the modifications previously described (Perrem et al., 1999) in untransfected HFF5 cells at PD36 and cultures HFF5/ hTERT-1, -2 and -3 at increasing PDs. (c) Telomere length was determined using pulsed-field gel electrophoresis as previously described in HFF5 cells at PD40 and the HFF5/hTERT-1, -2 and -3 cultures at increasing PDs. (d) Growth of hTERT-expressing HFF5 cells in 5% O 2 . In all hTERT cultures, the PD levels indicated refer to post-transfection growth PD141. The mean telomere length of culture HFF5/ hTERT-3 was similar to that of parental HFF5 cells at PD29 (precrisis), but increased substantially by PD45 (postcrisis) and remained stable to PD111. For each of the three cell lines, these data are consistent with the telomere lengths being maintained or increased by the expression of telomerase prior to crisis, and the emergence from crisis of a single clone in which the telomeres are also maintained but at a length that differs from that of the multiclonal precrisis population.
As few cells are exposed in vivo to atmospheric oxygen tension, it is likely that growth of human cells under the standard culture conditions of 5% CO 2 and 20% O 2 results in oxidative stress. It has been proposed that this may cause accelerated shortening of the telomeres and stress-induced premature senescence (Von Zglinicki, 2002) , or failure to become immortalized in the case of hTERT-transfected cells . Figure 1d depicts the growth curves for cultures HFF5/hTERT-1, -2, and -3 grown in a lowered O 2 environment (5% CO 2 and 5% O 2 ). All three cell lines entered a period of crisis when grown at 5% O 2 , which resembled their behavior under standard conditions. HFF5/hTERT-1 entered crisis at PD38 that lasted 67 days, HFF5/hTERT-2 entered crisis at PD24 that lasted 85 days, and HFF5/hTERT-3 entered crisis at PD24 and continued to grow slowly for the rest of its life span. Therefore, growth in low O 2 did not alter whether or not the cells exhibited a period of crisis.
Thus, in contrast to some fibroblasts, such as the BJ strain, that are immortalized by the expression of exogenous hTERT alone (Jiang et al., 1999; Morales et al., 1999; Vaziri et al., 1999) , and similar to others that exhibited a period of crisis prior to becoming immortalized (MacKenzie et al., 2000) , the HFF5 normal human foreskin fibroblast strain was not immortalized directly by transfection with an hTERT plasmid. Although transduction with hTERT plasmid induced telomerase activity that was sufficient to result in the maintenance of telomere length for 19 or 29 PD (HFF5/hTERT-1 and -3, respectively), or in increased telomere length (HFF5/hTERT-2 at PD32 and 35), in each case the cultures subsequently ceased proliferation for periods ranging from 42 to 102 days (Figure 1 ). The changes permitting these cells to recommence proliferation after crisis have not yet been identified.
Loss of p16
INK4a expression
In order to establish if the Rb pathway was intact in the hTERT immortalized cells, we performed Western analysis on the three immortal cell lines and the cell strain that failed to immortalize, HFF5/hTERT-6, to examine the expression of p16 INK4a and the retinoblastoma gene product pRb. The p16 INK4a expression underwent a significant decrease in each of the three immortal cell lines, but with differences in timing: it had become undetectable in HFF5/hTERT-1 and -2 cells by PD104 and 48, respectively; and it was downregulated in HFF5/hTERT-3 cells around PD77 (Figure 2a (Figure 1d ; HFF5/hTERT-1 and -2) also lost the expression of p16
INK4a (by PD106 and 172, respectively; data not shown).
In order to determine whether loss of the p16 INK4a and pRb expression at increasing PDs in cultures HFF5/hTERT-1, -2 and -3, and in -6 at PD29. Western analysis was performed as previously described (Toouli et al., 2002) using the primary mouse monoclonal antibodies pRb (BD Biosciences) and p16
INK4a (Neomarkers). The secondary antibody used was horseradish peroxidase-conjugated goat anti-mouse IgG (DAKO). To confirm equal loading of protein lysates following the detection of the proteins of interest, the membranes were hybridized with rabbit polyclonal anti-actin (Sigma) and the secondary horseradish peroxidase conjugated swine anti-rabbit IgG (DAKO). (b) PCR analysis of the promoter and exons 1, 2, and 3 of the p16
INK4a gene in HFF5 cells at PD38 and at increasing PDs in cultures HFF5/hTERT-1, -2 and -3. The promoter and exons 1, 2 and 3 were amplified as previously described (Harland et al., 2000; Holland et al., 1995; Noble et al., 1996) . (c) Metaphase spread showing the deletion of chromosome 9p material in HFF5/hTERT-3 cells at PD103. Chromosomes were prepared from HFF5/hTERT-3 according to standard cytogenetic methods using QFQ banding (Rooney and Czepulkowski, 1992) indicated that cultures HFF5/hTERT-1 (PD142) and HFF5/hTERT-2 (PD49) had undergone a large homozygous deletion, which resulted in the removal of all three exons and the promoter region of p16 INK4a (Figure 2b ). Multiplex amplification of GAPDH was performed to confirm the quality of the genomic DNA and as a PCR control in the negative p16
INK4a reactions. The p16
INK4a expression was not completely absent in culture HFF5/hTERT-3 at the latest time point shown in Figure 2a , but was significantly reduced at PD77 and later PDs. In contrast to HFF5/hTERT-1 and -2, PCR products of correct sizes corresponding to the p16 INK4a exons and upstream region were amplified from HFF5/ hTERT-3 genomic DNA at all PD levels tested ( Figure 2b ). As the p16
INK4a gene is frequently silenced by methylation, bisulfite genomic sequencing (Clark et al., 1994; Paul and Clark, 1996) was used to analyse the methylation status of 28 CpG sites (spanning sites À13 to þ 15 relative to the ATG codon) in the core CpG island region of p16 INK4a using conditions previously described (Huschtscha et al., 1998) . No methylation of the p16
INK4a CpG island was observed in HFF5/hTERT-3 at either early (PD27) or late (PD99) time points.
As the decrease in p16 INK4a expression in HFF5/ hTERT-3 cells with increasing PDs was not the result of promoter methylation or gene deletion, cytogenetic analysis using QFQ banding was performed to detect chromosomal abnormalities. Cytogenetic analysis at PD103 indicated that one copy of chromosome 9 had a large deletion in the short arm most likely involving the 9p21 region (Figure 2c) . Therefore, p16
INK4a hemizygosity may account for the decreased p16
INK4a expression in HFF5/hTERT-3 cells. Further analysis of HFF5/hTERT-3 cells revealed that occasional metaphase spreads (B1%) had two intact copies of chromosome 9 (data not shown), indicating that the chromosomal rearrangement that led to the loss of chromosome 9p material occurred in a subset of the cells, and that these cells presumably had a growth advantage which allowed them to overgrow the cells without a 9p deletion. The gradual reduction of p16 INK4a expression (Figure 2a) would correlate with the accumulation of cells that had become hemizygous for p16 INK4a . Apart from the loss of the 9p material the majority of HFF5/hTERT-3 cells did not exhibit any other chromosomal abnormalities.
The loss of p16 INK4a expression observed in cultures HFF5/hTERT-1, -2, and -3 did not coincide with escape from crisis, but was a later event in each case. Our results are in agreement with a study of periodontal fibroblasts (Tsutsui et al., 2002) in which two separately established hTERT-transduced cell strains lost expression of p16
INK4a and an earlier study (Kiyono et al., 1998) which demonstrated that human foreskin fibroblasts expressing hTERT had a lower level of p16
INK4a
protein expression compared to late passage control fibroblasts. This is in contrast to previously published studies of BJ foreskin fibroblasts that found no change in p16
INK4a or pRb levels in hTERT-immortalized cells (Jiang et al., 1999; Morales et al., 1999) . These contrasting results may be explained by differences between the fibroblast cell strains used in the various studies.
Altered p53 and p21 expression
In addition to documenting disruption of the pRb/ p16
INK4a pathway in the HFF5/hTERT-1, -2, and -3 cultures, we wanted to determine whether the p21/p53 pathway was functioning normally. Western analysis of p21 levels in the three immortal cell lines and the cell strain HFF5/hTERT-6 indicated that expression increased slightly with increasing time in culture for both HFF5/hTERT-1 and -2 cells but decreased around PD83 for HFF5/hTERT-3. The p21 expression was similar in the parental untransfected HFF5 cells and HFF5/hTERT-6 at PD29 (Figure 3) . The p53 expression remained constant at all time points examined for HFF5/hTERT-1 and -2 and was expressed at similar levels in the early PDs of HFF5/hTERT-3. Around PD77, the p53 expression increased in HFF5/hTERT-3 cells, coincident with the decrease of p21 expression (Figure 3) . Overexpression of p53 is frequently associated with loss of wild-type function and mutation of the p53 gene (Lane and Benchimol, 1990) .
DNA damage response
To assess the response of p53 in the immortalized cell lines to DNA damage cultures HFF5/hTERT-1, -2, and -3 and the parental cells, HFF5, were exposed to the DNA intercalating agent, actinomycin D. Western analysis indicated that after exposure to 7.5 nM actinomycin D for 24 h, the level of p53 expression increased dramatically in the parental HFF5 cells and the HFF5/ hTERT-1 and -2 cell lines. The p53 expression levels were increased in the HFF5/hTERT-3 line following actinomycin D treatment but to a much lesser extent (Figure 4a ). The expression of p21 also substantially increased in parental HFF5 cells and the HFF5/ hTERT-1 and -2 cells after actinomycin D treatment but only slightly in culture HFF5/hTERT-3 (Figure 4a ). Flow cytometry of propidium iodide-stained cells was Figure 3 Western analysis of p21 and p53 expression in hTERT expressing HFF5 cells. The p21 (Cip1/WAF1; BD Biosciences) and p53 (Ab-8; Neomarkers) expression in HFF5 cells at PD35, at increasing PDs in cultures HFF5/hTERT-1, -2 and -3 and in HFF5/hTERT-6 at PD29. Actin expression was used as a loading control for both Westerns performed to assess whether the immortal cells maintained normal G 1 checkpoint control following the treatment with actinomycin D. After actinomycin D treatment there was a substantial reduction in the percentage of HFF5, HFF5/hTERT-1 and -2 cells in S phase, but there was no effect on HFF5/hTERT-3 cells (Figure 4b ). The normal progression of HFF5/hTERT-3 cells into S phase and the absence of a significant increase in p53 expression following treatment with actinomycin D indicate that these cells no longer had normal G 1 checkpoint control.
Sequence analysis of p53
To determine whether the substantial increase in p53 expression at PD77 and the lack of G 1 checkpoint response following treatment of HFF5/hTERT-3 cells with actinomycin D was due to a p53 mutation, genomic DNA was isolated from parental HFF5 and HFF5/ hTERT-3 cells and exons 5-9 of p53 were sequenced in both directions using primers and conditions previously described (McGregor et al., 2002) . Two heterozygous mutations were identified in HFF5/hTERT-3 cells: the first a transversion (G to T) at codon 135 in exon 5 resulting in the amino-acid substitution of Cys to Phe and the second a nonsense mutation arising from a transition (C to T) at codon 213 in exon 6, resulting in replacement of Arg by a stop codon. Both of these mutations have been previously identified in numerous tumors (Olivier et al., 2002) . Sequence analysis of p53 in the parental HFF5 cells revealed it to be wild type. Cloning and sequencing of PCR product containing both exons 5 and 6 revealed that the mutations in exon 5 and 6 were on separate alleles.
Mutation of the p53 gene as observed in immortal HFF5/hTERT-3 cells is a novel finding not previously reported in hTERT-immortalized cell lines. As expected, cells containing this mutant p53 were unable to arrest in G 1 following exposure to the DNA intercalating agent actinomycin D. Therefore the p53/p21-dependent DNA damage response pathway was disrupted in these cells, which could lead to further genomic instability.
Evidence presented in this study suggests that introduction of hTERT into HFF5 cells did facilitate a large extension of the cells' life span, allowing these cells to bypass senescence and potentially become immortal, but it is important to note that this was followed by additional genetic changes in both the pRb/p16 INK4a pathway and the p53 pathway. Interestingly, in a previous study with this cell strain, it was found that immortalization by hTERT was facilitated by coexpression of a gene, mot-2/mthsp70/GRP75, that disrupts p53 function (Kaul et al., 2003) . However, in contrast to the genetic changes that are presumably required for the cells to escape from crisis, the changes that we identified in the p16
INK4a and p53 genes occurred later. They are therefore most likely not required for immortalization of these cells but rather are selected for during continuous growth in vitro, presumably by providing a growth advantage. Previous reports of cells that have been immortalized by hTERT in the absence of any p16 INK4a or p53 mutations also suggest that these changes are not essential for immortalization. Functional loss of these genes increases the probability that cells continue cycling when their normal counterparts undergo growth arrest, and may also permit the accumulation of other genetic changes that result in an increased growth rate.
The demonstration in this study and in previous studies that p16
INK4a expression may be disrupted in some hTERT-transduced human fibroblast cultures, and now the finding that more rarely p53 mutations may occur emphasizes the need for caution in the use of such cells for studies of normal biology or for tissue engineering. hTERT-transduced cells need to be monitored for genetic instability and the accumulation of mutations in both the p16 Cell cycle analysis was performed on propidium iodide (Sigma) stained cells as previously described (Toouli et al., 2002) . The percentage of cells in S phase is indicated
